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For c o a l  l i q u e f a c t i o n  proC?sses, t h e  s e p a r a t i o n  of f i n e  inorganic  
p a r t i c u l a t e s  from t h e  o r g a n i c  product  m a t r i x  r e p r e s e n t s  a n  important  tech-  
n i c a l  problem. T h i s  problem is  d i f f i c u l t  because t h e  mat r ix  i s  v i s c o u s  and 
many of t h e  p a r t i c l e s  are i n  t h e  micron and submicron s i z e  range,  Separa t ion  
methods and devices  t r i e d  w i t h  some success  i n  s e p a r a t i n g  t h e  p a r t i c l e s  have 
been: hydroclones,  c e n t r i f u g a t i o n ,  magnetic s e p a r a t i o n ,  s o l v e n t  e x t r a c t i o n ,  
so lvent  f r a c t i o n a t i o n ,  and f i l t r a t i o n .  These techniques  s u f f e r ,  however, i n  
varying degrees  from u n s a t i s f a c t o r y  o p e r a t i o n ,  maintenance,  throughput ,  and 
c o s t .  To h e l p  c o r r e c t  t h e s e  shortcomings,  we have undertaken a s tudy  of 
techniques by which t h e  f i n e  p a r t i c u l a t e s  might be en larged  o r  b e t t e r  
co l lec ted .  Some p r o g r e s s  toward t h a t  end has  been descr ibed  i n  t h e  open 
and patent  l i t e r a t u r e  f o r  s o l v e n t  a d d i t i o n .  I n  t h e s e  works, two mechanisms 
by which s o l v e n t  improves s e p a r a t i o n  have been suggested:  (1) t h e  s o l v e n t  
may s o f t e n  o r  d i s s o l v e  a c o a t i n g  from t h e  p a r t i c l e s ,  permi t t ing  p h y s i c a l  
a t t r a c t i v e  f o r c e s  t o  c a u s e  agglomerat ion;  o r  ( 2 )  t h e  so lvent  may cause  
phase separat ion-- the h e a v i e r  phase a c t i n g  as a c o l l e c t i o n  f l o c c u l a n t .  

This paper  c o n s i s t s  of f i v e  p a r t s .  F i r s t ,  I w i l l  d e s c r i b e  t h e  labora-  
t o r y  sedimentat ion test  used i n  t h i s  s tudy.  Second, I w i l l  d i s c u s s  t h e  
e f f e c t s  of s o l v e n t  d i l u t i o n  on s e t t l i n g .  Our main t h r u s t  w i l l  come i n  
p a r t s  t h r e e  and f o u r ,  where s e t t l i n g  wi th  h e a t i n g  and wi th  t h e  a d d i t i o n  of 
chemical promoters w i l l  be presented .  
knowledge) been s t u d i e d  previous ly .  I n  p a r t  f i v e ,  I w i l l  d e s c r i b e  t h e  
poss ib le  mechanisms and t h e  r o l e s  t h a t  each may p lay .  

These a r e a s  have n o t  ( t o  our  

The l a b o r a t o r y  sed imenta t ion  tests w e r e  conducted i n  a v e r t i c a l  18- 
i n c h - t a l l  by 1-inch-diameter m e t a l  tube  us ing  u n f i l t e r e d  o i l  from t h e  
Solvent Refined Coal process .  Normally,l75 grams of  t h i s  o i l  conta in ing  
suspended p a r t i c l e s  w a s  placed i n  t h e  tube.  The s e a l e d  tube  was quick ly  
heated t o  tes t  tempera ture  and then  cooled r a p i d l y  a t  t h e  end of t h e  tes t .  
The c o n t e n t s ,  as shown i n  s l i d e  1, were then  separa ted  i n t o  10 o r  11 
f r a c t i o n s  f o r  examinat ion by f i l t r a t i o n ,  microscopy, o r  chemical a n a l y s i s .  
The f i l t r a t i o n  was achieved by t h e  use  of a l a b o r a t o r y  technique t h a t  I 
have descr ibed  i n  t h e  J u l y  1976 i s s u e  of I&EC Process  Design and Development. 

The sed imenta t ion  t e s t s  wi th  s o l v e n t  d i l u t i o n ,  us ing  to luene  o r  SRC 
r e c y c l e  s o l v e n t  as t h e  d i l u e n t ,  gave comparable r e s u l t s  wi th  a p p r e c i a b l e  
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improvement i n  s e t t l i n g  a t  20% d i l u t i o n .  In s l i d e  2 ,  d a t a  a r e  shown f o r  
s e t t l i n g  a t  310°C f o r  1 hour w i t h  5 ,  10, and 20% d i l u t i o n  wi th  r e c y c l e  
so lvent ;  t h e  a s h  f o r  t h e  20% d i l u t i o n  i s  approaching t h e  EPA requirement  
of 0.15% i n  t h e  top  70% of t h e  sed imenta t ion  tube .  The r o l e  of p a r t i c l e  
agglomeration appears  wel l - subs tan t ia ted  here  s i n c e  t h e  agglomerates  
formed can be observed by o p t i c a l  microscopy t o  c o n t a i n  as many as 100 
of t h e  p a r t i c l e s .  Calcu la t ions  of e f f e c t i v e  p a r t i c l e  s i z e  from t h e  
s e t t l i n g  rates i n d i c a t e  t h a t  t h e  s e t t l i n g  p a r t i c l e s  a r e  a minimum of 
53 microns i n  diameter  whereas 90% of t h e  p a r t i c l e s  i n  the  s t a r t i n g  
t e s t  are less than  1 micron i n  diameter .  

Keeping i n  mind t h a t  with 20% s o l v e n t  d i l u t i o n ,  adequate  c l a r i t y  
can be approached by s e t t l i n g  f o r  1 hour a t  310°C, l e t  us  t u r n  t o  p a r t  
two. What can be done wi th  h e a t  a lone?  In s l i d e  3 ,  d a t a  are p l o t t e d  
tha t  r e p r e s e n t  t h e  r e s u l t s  of a series of sed imenta t ion  tests conducted 
a t  temperatures  of 100 t o  35OoC and f o r  t imes of 1 t o  2 1  hours .  The 
f i l t r a t i o n  improvement f a c t o r  i s  a t e r m  d e s c r i b i n g  t h e  r e l a t i v e  f i l t e r -  
a b i l i t y  of t h e  t h i r d  f r a c t i o n  from t h e  top ;  a f a c t o r  of  1 i s  no  
improvement, whereas a f a c t o r  of 20 o r  more i n d i c a t e s  c l a r i t y  meeting 
EPA s tandards .  L i t t l e  s e t t l i n g  was found a f t e r  18 hours  a t  100 and 
150°C. A t  200 and 250°C, s e t t l i n g  was more r a p i d  and c l a r i t y  was 
reached before  18 hours .  A t  310'C i n  3 hours  and a t  350'C i n  1 hour ,  
the  r e s u l t s  were good. A t  h igher  tempera tures ,  s e t t l i n g  was poor be- 
cause of decomposition. Therefore ,  300 t o  35OoC appears  t o  b e  t h e  b e s t  
working range. 
solvent  d i l u t i o n  at 310°C. 
considerably d i f f e r e n t  s i n c e  both  t h e  s i z e  and d i s t r i b u t i o n  of p a r t i c l e s  
apparent ly  change upon thermal  t rea tment .  S l i d e  4 shows p a r t i c l e s  i n  
the  s t a r t i n g  o i l  a t  2 4 , 0 0 0  magnif ica t ion .  Some of t h e  p a r t i c l e s  a r e  
only 0.01 micron i n  diameter ;  t h e  l a r g e r  p a r t i c l e s  are rough on  t h e  
edges, which sugges ts  t h a t  they may be composed of smaller p a r t i c l e s .  
S l ide  5 r e v e a l s  a similar magni f ica t ion  of t h e  p a r t i c l e s  a f t e r  t rea tment  
a t  300'C f o r  1 hour;  few p a r t i c l e s  less than 1 micron i n  s i z e  remain 
and t h e  s u r f a c e  edges appear  t o  be smooth. 

With evidence t h a t  s i g n i f i c a n t  changes i n  p a r t i c l e  s i z e  and form occur  

S e t t l i n g  a t  350OC seems a t  least a s  good a s  w i t h  20% 
The e f f e c t s  upon t h e  p a r t i c l e s  may be  

during a 1-hour thermal  t rea tment ,  i t  fo l lows  t h a t ,  dur ing  t h a t  t rea tment ,  
the rate of t r a n s p o r t  of p a r t i c l e s  o r  t h e i r  components must b e  appre- 
c i a b l e  and t h a t  t h e  t r a n s p o r t  r a t e  might u s e f u l l y  be increased  by changing 
the system p r o p e r t i e s .  W e  l i m i t  c o n s i d e r a t i o n s  h e r e  t o  a d d i t i o n s  of 
promoters i n  such smal l  q u a n t i t i e s  t h a t  t h e i r  economic recovery may n o t  
be requi red .  Such candida te  promoters were s e l e c t e d  from two d i f f e r e n t  
groups: (1) organic  m a t e r i a l s  which had previous ly  been used t o  change 
p r o p e r t i e s  of c o l l o i d s  and suspensions and ( 2 )  inorganic  m a t e r i a l s  
( p a r t i c u l a r l y  inexpens ive  ones) which could change t h e  charge OK chemical 
form of t h e  p a r t i c l e  s u r f a c e .  I n i t i a l  scout ing  tests were made wi th  
4,000 ppm of t h e  a d d i t i v e  f o r  70 minutes  o r  less a t  280°C. 
t e s t i n g  a t  o t h e r  condi t ions  followed i n  cases where p o s i t i v e  improvement 
was found. 

Addi t iona l  

Of t h e  34 organic  and 25 inorganic  candida te  materials t e s t e d ,  four  
organic  and n i n e  inorganic  appear  t o  g i v e  some improvement. The b e s t  
organic  a d d i t i v e  t e s t e d  was T r e t o l i t e  sample 771-119; a t  concent ra t ions  
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of 4,000, 2,000, o r  500 ppm, t h e  ash  found i n  t h e  top  f r a c t i o n  was less 
than 0.05%, which represented  r e s u l t s  t h a t  were 5 t i m e s  b e t t e r  than  
c o n t r o l  tests. Three o t h e r  organic  a d d i t i v e s  suppl ied  by T r e t o l i t e  
Divis ion of t h e  P e t r o l i t e  Corporat ion of  S t .  Louis ,  Missour i ,  appeared 
t o  cause lesser improvement. The next  s l i d e  shows t h e  r e s u l t s  of t h r e e  
p a i r s  of sed imenta t ion  tests us ing  t h e  771-119 a d d i t i v e  a t  4 ,000 ppm. 
The c o n t r o l  was run b e f o r e  each a d d i t i v e  t es t ,  wi th  t h e  s i x  tests being 
made i n  a s i n g l e  sequence t o  minimize experimental  v a r i a t i o n s .  Signi-  
f i c a n t l y  lower a s h  c o n t e n t s  are noted f o r  f r a c t i o n s  1 through 7 f o r  t h e  
a d d i t i v e  tests;  l a r g e r  ash  c o n t e n t s  are shown f o r  t h e  bottom f r a c t i o n  
( a s  expected) .  

For t h e  t h r e e  a d d i t i v e  tests, t h e  ash conten t  i n  the  f i r s t  3 
f r a c t i o n s  w a s  low, g r a d u a l l y  i n c r e a s i n g  up t o  t h e  7 t h  f r a c t i o n  and then  
sharp ly  r i s i n g  t h e r e a f t e r .  Two of t h e s e  runs  were f o r  48 minutes ,  and 
1 run  was f o r  30 minutes .  These f i g u r e s  i n c l u d e  t h e  time r e q u i r e d  f o r  
br inging t h e  sample t o  test c o n d i t i o n s ;  t h e r e f o r e ,  t h e  a c t u a l  o p e r a t i n g  
time was less than  t h e  times shown. Each f r a c t i o n  r e p r e s e n t s  about  
3.5 cm i n  depth ;  t h u s ,  t h e  s e t t l i n g  ra te  f o r  t h e  s m a l l e s t  p a r t i c l e  
appears  t o  be  about 20 cm ( o r  n e a r l y  8 inches per  hour) .  

Of t h e  inorganic  a d d i t i v e s  s e l e c t e d ,  aluminum s u l f a t e ,  ammonium 
s u l f a t e ,  and ammonium hydrogen s u l f a t e  appeared a s  e f f e c t i v e  as any 
organic  a d d i t i v e  t e s t e d .  Aluminum phosphate appeared t o  perform b e t t e r  
a t  temperatures  near  34OoC, whi le  ammonium monohydrogen phosphate seemed 
t o  be l e s s  e f f e c t i v e .  Phosphoric a c i d ,  phosphoric anhydride,  and s u l -  
f u r i c  acid appeared t o  be  most e f f e c t i v e  a t  h igher  concent ra t ions  such 
a s  10,000 ppm b u t  a l s o  seemed t o  be  e f f e c t i v e  a t  temperatures  a s  low a s  
2OO'C--phase s e p a r a t i o n  i n  t h e  mat r ix  m a t e r i a l  and poss ib ly  f l o c c u l a t i o n  
were noted even a t  t h i s  low temperature .  

These l a b o r a t o r y  d a t a  i n d i c a t e  t h a t ,  through h e a t  t rea tment  i n  t h e  
presence of a small amount of a promoter, s e t t l i n g  t a k e s  p l a c e  i n  less 
than 1 hour and,  t h e r e f o r e ,  does meet c l a r i t y  s tandards .  Other  arrange-  
ments, such as t o  couple  s e t t l i n g  w i t h  a p o l i s h i n g  s t e p ,  may b e  u s e f u l .  
The e f f e c t  of h e a t  upon s e t t l i n g  has  been confirmed i n  a l a r g e r - s c a l e  
system, and t h e  e f f e c t  of a d d i t i v e s  is s t i l l  being s tudied .  These 
r e s u l t s  w i l l  b e  r e p o r t e d  a t  a la ter  d a t e .  

Turning now t o  another  c o n s i d e r a t i o n ,  t h e  next  s l i d e  t a b u l a t e s  
some poss ib le  mechanisms which may promote s e t t l i n g .  
of p a r t i c l e  types  and compositions e x i s t  i n  a suspension i n  a v a r i a b l e  
mat r ix ,  s e v e r a l  s e t t l i n g  mechanisms may be opera t ing  s imultaneously.  
Agglomeration i s  known t o  occur  both a f t e r  so lvent  d i l u t i o n  and upon t h e  
a p p l i c a t i o n  of hea t .  The e x t e n t  t o  which charge ,  mel t ing ,  o r  chemical 
conversion occurs  t o  promote agglomeration has  not  y e t  been e s t a b l i s h e d .  
Electron-microscope s t u d i e s  of  b e f o r e  and a f t e r  h e a t  t rea tment  i n d i c a t e  
t h a t  p a r t i c l e  re format ion  does occur .  
t h e  organic  s p e c i e s  i n  t h e  mat r ix  organic  m a t e r j a l s  a t  the  test condi- 
t i o n s ,  which is n o t  p a r t i c u l a r l y  s u r p r i s i n g  i n  view of the  p o l a r  
components o f  t h e  o r g a n i c  mat r ix .  None of t h e  promoters, when used 
a lone ,  appear  t o  f l o c c u l a t e  and g a t h e r  up p a r t i c l e s  as we  would expec t  
t o  observe i n  aqueous systems; however, some of t h e  a d d i t i v e  tests, 

Since a wide range 

I 

I It i m p l i e s  some s o l u b i l i t y  of 
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particularly those with phosphoric acid, phosphoric anhydride, and 
sulfuric acid seem to cause a small amount of a matrix phase to separate 
out and collect particulates. 
are induced by temperature or by dilution with solvent are significant 
but do not account for the measured settling rates. 
as a result of treatment, can affect viscosity and, subsequently, the 
settling rates. 

The normal changes i n  viscosity that 

Phase separations, 
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Generally: 1 .  Clari f ied zone contains particles less than 5 )1 and has a 
total solids concentration much less than the UFO. 

Transition zone contains a few particles up to I5p and varies 
from a l o w  concentration to that of the UFO. 

Settled zone contains nearly a11 large dark particles and 
has a concentration much greater than UFO. 

2. 

3. 

Fig. 1 S e t t l i n g  zone i d e n t i f i c a t i o n .  
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ANmYTICAL RXSULTS FOR S E T T L I N G  O F  PROCESS RECYCLE DILUTED, 
UNFILTERED O I L  FROM THE SRC PROCESS 

FRACTION ASH SULFUR 
NO. (m %) (m %) 

CONDITION 

1 IIR W 31OoC, 
5% D I L U T I O N  

1 HR AT 3i0°c, 
1% DILUTION 

1 HR AT 310"C, 
2W$ D I L U T I O N  

1 
4 
7 
11 

1 
4 
7 
10 

1 
4 
7 

1.67 
1.52 
1.44 
3.32 

1.12 
0.72 
1.22 
3.49 

0.33 
0.24 
0.03 

0.63 
0.70 
0.67 
0.70 

0.59 
0.60 
0.67 
0.75 

0.50 
0.54 
0.54 
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ORNL DWG 75-8400 
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* FILTRATION IMPROVEMENT FACTOR IS CAL 

’ 7 9  F I L T R A T E  I N  A STANDARD FILTRATION 
AS RATIO OF T H E  T I M E  REQUIRED TO OBTAIN 

T E S T  FOR T H E  U N F I L T E R E D  S O L V E N T  
R E F I N E D  PRODUCT O I L ,  A N D  F O R  A THIRD 
F R A C T I O N  F R O M  THE TOP OF T H E  

. S E T T L E D  S A M P L E  OF T H E  S A M E  O I L .  

0 3 6 9 12 15 18 21 
SETTLING T I M E  ( h r )  

Fig. 3.  Improvement i n  f i l t e r a b i l i t y  as a func t ion  o f  s e t t l i n g  
time and tempera ture .  
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24,000 X UNFILTERED S R C  OIL 
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24,000 X HEAT TREATED UNFILTERED S R C  OIL 
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